Raman lidar data of one year was been analyzed to obtain information relating aerosol layers in the free troposphere over South Africa, Elandsfontein. In total, 375 layers were observed above the boundary layer during the period 30 th January 2010 -31 st January 2011. The seasonal behavior of aerosol layer geometrical characteristics as well as intensive and extensive optical properties were studied. In general, layers were observed at higher altitudes during spring (2520 ± 970 m) while the geometrical layer depth did not show any significant seasonal dependence. The variations of most of the intensive and extensive optical properties analyzed were high during all seasons. Layers were observed at mean altitude of 2100 m ± 1000 m with lidar ratio at 355 nm of 67 ± 25 and extinction-related Ångström exponent between 355 and 532 nm of 1.9 ± 0.8.
INTRODUCTION
Atmospheric aerosols have a strong impact on radiative forcing, chemical processes in the atmosphere, cloud properties and air quality [1] . Despite their importance in atmospheric physics, significant gaps in the scientific knowledge about aerosols still exist. In particular, the vertical distribution of aerosols is not well known, but of essential relevance to understanding aerosol effects on climate [2] . Thus, systematic observations of aerosol optical properties are needed.
In South Africa, only few measurements of aerosol vertical profiles have been carried out, and most of the available data is from short field campaigns. Previous studies have indicated that South Africa is one of the most affected countries in the world with regard to aerosol load, due to various natural and anthropogenic activities [e.g. 3].
Considering the above mentioned, systematic observations of the optical properties of aerosol vertical profiles at acceptable accuracy are needed.
The measurements presented in this paper were performed within the framework of the EUCAARI project [4] . One year of Raman lidar observations over South Africa are presented in terms of geometrical and optical aerosol characteristics. The lidar measurement site was located on a hill  top at Elandsfontein (26   o   15´S, 29 o 26´ E, 1745 m a.s.l.) in the Highveld region of South Africa. The station was located approximately 150 km east from the Johannesburg-Pretoria megacity, which is the largest metropolitan area in South Africa with a population of over 10 million people.
METHODOLOGY

Research site
One significant source of atmospheric pollutants in the region is biomass burning through wild and agricultural fires. In addition, the burning of solid fuels such as coal, wood, dung and residual crops for domestic cooking and space heating is also an important source of emissions into the atmosphere in southern Africa. These emissions (from wild fires and domestic burning) are difficult to DOI: 10.1051/ distinguish from one another when they are transported above the boundary layer.
Another source of aerosols in the region investigated is anthropogenic emissions from industrialized regions in South Africa. The major industrial pollution sources within a 50 km radius of the measurement site include ten coal-fired power plants, a petrochemical plant and some metallurgical plants [5] .
Dust from Botswana and Namibia might also be possible sources of aerosols in this region. The shortest distance to the Indian Ocean is approximately 350 km, therefore marine air masses can also have an impact on atmospheric aerosols at Elandsfontein.
Multi-wavelength lidar Polly
XT
The transportable aerosol Raman lidar Polly XT was operated remotely at Elandsfontain in South Africa.
The range-resolved backscatter signal of elastic lidar contains information that can be used to derive the height of aerosol layers. The gradient method was applied to determine the bottom and top layer heights of the aerosols in the free troposphere. Planetary boundary layer top heights were retrieved from the lidar backscatter signal at 1064 nm using the Wavelet Covariance Transform method.
Extinction and the backscatter coefficient profiles at 355 and 532 nm have been obtained with the Raman method [6] , while the backscatter at 1064 nm has been determined using the Klett method [7] .
RESULTS
The percentage of the night-time measurements performed each month in terms of hourly averaged profiles every three hours is presented in Figure 1 (a) (blue bars), and varies between 3 and 72 % for all the months. Measurement analysis was not performed during the presence of low clouds and rain (shaded bars) or due to the scheduled shutdowns (grey bars). The percentage of the measurements in which at least one freetropospheric aerosol layer was observed (green bars) is shown in Figure 1(b) . In total, 375 aerosol layers were observed above the boundary layer during the period studied. The total number of the observed layers per month is presented with red stars in the same figure. Approximately 90% of the annual precipitation falls during the wet season (October -March) [5] , as indicated in Figure 1 (c) . Fewer measurements were performed during the wet period. The seasonal precipitation cycle should not only affect the number of measurements that could be performed but also the total number of layers observed. Therefore it is expected that the fraction of measurements of free-tropospheric aerosol layers in relation to the total number of observations should be less during the wet season due to wet scavenging.
However, our results indicate that during the wet period a relatively large number of layers are still observed in the free troposphere. The general anticyclonic nature of atmospheric circulation over the region, results in the formation of stable layers of air throughout the year [8] .
Our complete dataset of lidar measurements in terms of geometrical characteristics is shown in Figure 2 . The vertical lines present the observed height ranges of free tropospheric aerosol layers. Out of 429 hourly analyzed lidar observation, we observe free tropospheric pollution events on 223 hours (i.e. 52 %). In total 375 free tropospheric aerosol layers were observed. The geometrical depth of the free tropospheric layers varies from a few hundred meters to several kilometers throughout the period under investigation. Pollution events are observed as single layer on 52% of the cases, while they are often characterized by two (32 %), three (13 %) or more particle layers (3%).
The seasonal frequency distribution plots for the lidar ratio at 355 nm and the Ångström exponent related to extinction between 355 and 532 nm are presented in Figure 3 and 4, respectively. An average lidar ratio of 67 ± 25 sr at 355 nm and a mean extinction-related Ångström exponent of 1.9 ± 0.8 between 355 and 532 nm are measured during the entire sampling period in South Africa.
Between late winter (Jun. -Aug.) and throughout spring (Sep. -Nov.) high lidar ratios are observed. During this period a significant contribution of aerosol layers originates from wild and controlled fires. Although these fire plumes occur at ground level, they are lifted higher in the atmosphere due to the increased heat and may be transported above Elandsfontein. Domestic biomass burning in informal settlements for cooking and heating can also contribute, but these emissions are exclusively emitted at ground level. It is therefore unlikely that such emission close to Elandsfontein will have a significant impact to free tropospheric aerosol load measured. However, household emissions are common across the entire southern Africa, which implies that regional transport of such emission further away from Elandsfontein may results in a contribution to the free tropospheric load measured over Elandsfontein. The absorbing smoke aerosols, originating from all the aforementioned combustion sources, can explain the large lidar ratio values observed. Larger Ångström exponents were observed during summer (Dec. -Feb.). One possible explanation is the removal of larger aerosols through wetscavenging during these wetter months. Most of the free-tropospheric aerosol layers observed during this period were associated with an easterly air mass flow. The major industrial pollution DOI: 10.1051/ sources are located primarily either to the north, west or southwest of the lidar at Elandsfontein (Laakso et al., 2012) . Therefore, the easterly flow that prevails during summer results in a less polluted free troposphere, compared to other seasons. Aerosols measured during this period could also include maritime aerosols with air masses moving from the Indian Ocean.
CONCLUSIONS
Geometrical characteristics and optical properties of elevated aerosol layers at a continental site in South Africa are presented. During winter nights layers are observed up to 3000 m. These aerosol layers are probably trapped between the inversion surface layer and an absolutely stable layer that is formed in 90% of days during winter [8] . Aerosol layers are more frequently observed during biomass burning period and are determined to be at higher heights.
Except for the intensive biomass burning period the lidar ratios and Ångström exponents are within the range of previous observations for urban/industrial aerosols [9, 10] . Considering that the Elandsfontein measurement station is located in the midst of large industrial plants this is reasonable. However, we observed large variability in both intensive and extensive aerosol properties of free tropospheric aerosol layers. From August to October, the lidar ratio of elevated layers is high, on average 83 sr, which is comparable to biomass burning smoke [10, 11] . Mean Ångström exponent related to extinction was found to be 1.8 both for dry and biomass burning period indicating the same size of particles for both biomass burning and (industry originated) polluted aerosols. 
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